Nonrandom mating in human populations has important implications for genetics and medicine as well as for economics and sociology. In this study, we performed an integrative analysis of a large cohort of Mexican and Puerto Rican couples using detailed socioeconomic attributes and genotypes. We found that in ethnically homogeneous Latino communities, partners are significantly more similar in their genomic ancestries than expected by chance. Consistent with this, we also found that partners are more closely related-equivalent to between third and fourth cousins in Mexicans and Puerto Ricans-than matched random male-female pairs. Our analysis showed that this genomic ancestry similarity cannot be explained by the standard socioeconomic measurables alone. Strikingly, the assortment of genomic ancestry in couples was consistently stronger than even the assortment of education. We found enriched correlation of partners' genotypes at genes known to be involved in facial development. We replicated our results across multiple geographic locations. We discuss the implications of assortment and assortment-specific loci on disease dynamics and disease mapping methods in Latinos.
assortative mating | genomic ancestry | homogamy M ate selection in human populations is a topic of broad general and academic interest, with important implications for economics (1) , sociology (2) , psychology (3) , and genetics (4, 5) . Studies from all of these fields have uncovered myriad genetic and socioeconomic factors that are correlated between partners. Assortment by education, for example, is one of the strongest and most widely studied effects, with studies showing that partners tend to have similar numbers of years of schooling (6) . Recent collections of phenotype-rich population-scale genomic datasets provide the opportunity to combine genomic analysis with a range of socioeconomic measurements, such as education, on the same set of individuals. By integrating these diverse sources of information, we seek to better understand how genetics relates to each of the socioeconomic factors, as well as how all these factors jointly contribute to and are reflected by human mating patterns.
Recent work from several groups suggests that genetic factors contribute to human mating preferences (5, (7) (8) (9) (10) . In European populations, there is evidence that individuals tend to be attracted to people with major histocompatibility complex (MHC) regions that are distinct from their own (7, 8) . In Latinos, genotypes of ancestryinformative markers were shown to be positively correlated in partners (5) . A recent study of non-Hispanic whites in the United States found that spouses were more genetically similar than random pairs of individuals; however, genetic assortment was substantially smaller than educational assortment in the same couples (11) .
In this paper, we investigate genetic and socioeconomic patterns in assortative mating within Mexican and Puerto Rican populations in the United States, Mexico, and Puerto Rico. In particular, we explore how genomic ancestry correlates with education, income, location, and mating patterns. These ethnically homogeneous but genetically admixed populations have more diverse physical features compared with genetically homogeneous populations (12) .
Moreover, research in anthropology and sociology has documented significant discrimination based on skin color and facial features in these communities (13, 14) . In Yucatan, Mexico, for example, Spanish surnames are thought to carry a higher social status than native Mayan surnames, and individuals are more likely to marry someone with a surname of the same ethnic origin (15) . Together, these findings suggest that there might be important genetic components that associate with mating patterns.
In contrast to non-Hispanic whites, we find that the assortment of genomic ancestry in Mexican and Puerto Rican couples is significantly greater than the assortment of education in the same couples. This result is consistent across regions in Mexico, Puerto Rico, and the United States and cannot be explained by socioeconomic factors alone. Consistent with this finding, we find that partners are significantly more closely related than matched random male-female pairs from the same locations. The genetic relatedness of partners is equivalent to that between third and fourth cousins in both Mexicans and Puerto Ricans. Further, we find that couples are especially more likely to share similar genotypes at genes involved in facial development. The similarity at these genes is stronger than the global genome-wide correlations, suggesting that similarity of facial features can be an axis of assortment.
Assortment in the genomic ancestries of couples can have significant impact on the propagation of disease burdens through generations. For example, in an assortative mating population, recessive founder effects, such as those hypothesized to underlie the increased prevalence of asthma in Puerto Rico (16), will be Significance Nonrandom mating in human populations reflects a confluence of socioeconomic and biological factors. In this paper, we integrate population genomics with quantitative social sciences to address fundamental questions about mate selection. In Mexican and Puerto Rican couples, we find that partners share more similar genomic ancestries, which is characterized as the fractions of genome that come from European, Native American, and African ancestries, than random pairs of individuals from the same community. Our analysis shows that this similarity cannot be explained by the individuals' socioeconomic factors alone. Our mathematical model illustrates how assortative mating can increase the prevalence of recessive diseases in Latino populations. maintained longer and lead to increased disease prevalence than in random mating populations. We analyze a simple mathematical model to quantitatively illustrate this effect.
Results
We analyzed 1,246 Mexican trios (father-mother-offspring) and 1,511 Puerto Rican trios. Extensive socioeconomic data were collected for each individual as a part of the Genes-Environments & Admixture in Latino Americans II (GALAII) study (17, 18 ) (Materials and Methods and SI Appendix, Table S1 ). All of the offspring were genotyped, and the genomic ancestries of the offspring and each of their parents were computationally inferred. To validate our findings, we also analyzed 231 Mexican trios and 258 Puerto Rican trios from the Genetics of Asthma in Latino Americans I (GALAI) study (19, 20) , where each member of the trio was genotyped.
Genomic Ancestries of Latino Populations. We first characterized the genomic ancestries of the Mexicans and Puerto Ricans in our datasets. The genomic ancestry of an individual was defined to be the fraction of his/her genome that came from European, Native American, and African ancestries. We computed the global genomic ancestry of each individual by first inferring the local ancestry of each single-nucleotide polymorphism (SNP) using LAMP-LD (21) and then aggregating the results (see SI Appendix for details). Mexican participants were primarily of Native American and European ancestries, with a small amount of African ancestry (SI Appendix, Fig.  S1 ). Puerto Ricans were primarily of European ancestry, with a moderate amount of African and Native American ancestries (SI Appendix, Fig. S2 ). There was significant variation in the genomic ancestries of the individuals within each sampling location (Mexicans were sampled in six sites from five cities, and Puerto Ricans were sampled in three sites from two cities) but the ancestry distributions were consistent across the cities. Mexicans living in New York City, however, were an outlier population in that they had a significantly higher fraction of Native American ancestry compared with Mexicans in other US cities. This result reflects the fact that the majority of Mexicans in New York City originally came from Puebla, Mexico, a region whose population had significantly higher Native American ancestry and lower European ancestry compared with other Mexican populations (P < 0.01, t test) (SI Appendix, Fig. S3 ).
We also computed the X chromosome ancestry using ADMIXTURE (22) . In both the Mexican and Puerto Rican participants, the X chromosomes contained significantly higher Native American ancestry compared with the autosomes (P < 10 , t test in each collection center). These findings were consistent with the hypothesis that in initial admixture events during colonization, the females were more likely to be Native Americans and Africans whereas the males were more likely to be Europeans (23) .
Correlations in the Ancestries of Partners. We next sought to determine whether the genomic ancestries of partners in couples were correlated. The genomic ancestry of each individual in a couple was computationally inferred by applying ANCESTOR (24) to the genotype of the couple's offspring, because the GALAII study only genotyped the offspring, not the parents. Using the GALAI validation dataset (in which both parents and offspring were genotyped) and simulations, we verified that ANCESTOR accurately imputed genomic ancestry and did not introduce false correlation into the ancestries of the partners (SI Appendix). We found that the genomic ancestries of partners were substantially correlated in both Mexicans and Puerto Ricans (Fig. 1) . This finding was replicated in each of the cities from which we had participants. The correlation was strongest for the primary ancestries (Native American and European ancestries for Mexicans; European and African ancestries for Puerto Ricans) (P < 0.01, Pearson correlation). For the less common ancestries (African ancestry for Mexicans; Native American ancestry for Puerto Ricans) the correlations were not significant, possibly because the estimates were noisier.
Because many of the Mexican individuals were recent immigrants to the United States, we also grouped the individuals by their state of birth rather than their current city. Focusing on couples in which both partners were born in the same state, we again found that the genomic ancestries of partners were significantly correlated (P < 0.01, Pearson correlation) (SI Appendix, Fig. S4 ). This result was replicated in all five states where we had sufficient sample size (at least 40 couples). We additionally validated this finding using the GALAI dataset, in which the genomic ancestry was computed directly from each individual's genotype using LAMP-LD. We found significant correlations in the genomic ancestries of Mexican (SI Appendix, Fig. S5 ) and Puerto Rican (SI Appendix, Fig. S6 ) partners (P < 0.01, Pearson correlation). This result is consistent with previously reported correlations in 104 ancestry-informative markers in the same participants (5) . Together, these results demonstrated that the genomic ancestries of partners in couples were significantly correlated in both Mexicans and Puerto Ricans.
Ancestry and Education Assortment in Couples. We next sought to precisely quantify the magnitude of genomic ancestry assortment in couples and compare it with the magnitude of education assortment. To quantify the assortment of genomic ancestry while accounting for ancestry distribution at the population level in each location, we computed genomic ancestry assortative mating (GAAM) scores following the procedure proposed by Domingue et al. (11) . This score quantifies the magnitude of assortment above population background and can take a value from −0.5 (each person is paired with the most different partner) to 0.5 (complete assortment, where each person is paired with the most similar partner). A score of 0 corresponds to uniform random mating. To compute the GAAM scores, we computed the squared difference in genomic ancestry of the observed couples and random pairs. Quantiles of the observed similarities were plotted against quantiles of the similarities that would be expected given random mating. For example, if this curve has a value of 0.6 at the midpoint, this means that the median couple has genomic ancestries that are more similar than 60% of all random pairs. A curve that is higher above the diagonal indicates that couples are more similar than expected. To quantify this magnitude, the GAAM score was defined as the area between the curve and the 45°line.
We grouped couples by their location and computed the GAAM score in each location separately (Fig. 2) . The GAAM scores for Mexican couples ranged from 0.14 to 0.19 across six sites, and the GAAM scores for Puerto Rican couples ranged from 0.1 to 0.13 across three sites. These scores indicated significant assortment of genomic ancestry in each site (P < 0.01, permutation test), although the magnitude of assortment was substantially lower in Puerto Ricans compared with Mexicans. To better interpret the GAAM scores, we used a logistic regression model to translate the GAAM scores into couple odds ratios (SI Appendix). A GAAM score of 0.12-0.23 corresponds to a couple odds ratio of 1.2-1.4 (SI Appendix, Fig. S8 ). This means that a 10 percentile increase in the ancestry similarities of two individuals corresponds to a 20-40% increase in the odds that they form a couple.
To place the magnitude of genomic ancestry assortment scores into context, we computed education assortment scores in the same populations as a benchmark. Education was a natural comparison, because extensive research has shown that partners tend to have similar education levels (6). In a cohort of non-Hispanic whites in the United States, a recent analysis (11) estimated an education assortative mating (EAM) score of 0.127. Using the same approach, we computed the EAM scores in our populations, where the education level of an individual was quantified as the number of years of schooling. Grouping couples by location, we found EAM scores from 0.09 to 0.17 in Mexicans and scores from 0.06 to 0.13 in Puerto Ricans. The magnitude of education assortment in Mexican and Puerto Rican couples was consistent with the education assortment in non-Hispanic whites measured by Domingue et al. (11) . Surprisingly, the GAAM scores were higher than the EAM scores in every location. Using bootstrapping, we found the difference between GAAM and EAM to be significant at the P < 0.05 level in Chicago, Houston, and Oakland for Mexicans and in San Juan for Puerto Ricans. This finding suggests that the assortment of genomic ancestry in Mexicans and Puerto Ricans was stronger than the assortment of education.
As a validation, we stratified individuals by their state of birth rather than by their current location. Across all states, we observed significant assortment of genomic ancestry (P < 0.01, permutation test), with GAAM scores ranging from 0.12 to 0.23 (SI Appendix, Fig. S7 ). We also computed the EAM scores, again stratifying by state of birth, and found EAM scores ranging from 0.09 to 0.16. In four of the five Mexican states, the genomic ancestry assortment was higher than education assortment, and the differences in Guerrero and Puebla were significant, with P < 0.05 by bootstrapping.
Correlations Between Ancestry and Socioeconomic Factors. To interpret the substantial similarity in the ancestries of partners, it is important to understand how much of this similarity is confounded by socioeconomic factors. In Puerto Ricans, we found that the amount of European ancestry was positively correlated with education level (P < 0.05, t test) (SI Appendix, Table S2 ). Although the correlation was statistically significant, the variance in education that was explained by ancestry was small (r 2 < 0.07 in all of the locations). In Mexicans, in three of the six sites, we found that European ancestry was also positively correlated with education (P < 0.05, t test), although the variance that was explained was also small (r 2 < 0.05) (SI Appendix, Table S2 ). Applying a similar analysis to income, we found a positive correlation between the amount of European ancestry and family income in several locations for Mexicans and Puerto Ricans (P < 0.05, t test) (SI Appendix, Table S3 ). Again, however, the variance in income that was explained by ancestry was small (r 2 < 0.08 in all of the locations). Interestingly, European ancestry remained positively correlated with income in these locations even after accounting for education level (P < 0.05, t test). Together, these results demonstrated that although ancestry was correlated with education and income, the effect sizes were small, suggesting that the assortment of education and income cannot fully explain the assortment of genomic ancestry in partners.
To test this hypothesis more directly, we used a linear regression model to predict the genomic ancestry of one member of a couple using the ancestry of their partner as well as socioeconomic and demographic covariates (education, family income, birth location, and current location) of both individuals. When combined, all of the socioeconomic and demographic covariates of individuals explained less than 10% of the variations in genomic ancestry of their partners. In contrast, in every region, the ancestry of individuals explained Fig. 2 . Genomic ancestry assortment scores compared with education assortment scores in Mexican and Puerto Rican couples. The x axis is the percentile of the actual couples' similarity scores, and the y axis is the percentile of the random pairs' similarity scores. In each plot, the black curve shows how the distribution of similarity scores in the real couples matches the distribution in random couples. Couples are more similar than expected by random mating when the black curve is above the 45°di-agonal (red line). The assortment score, defined as the area between the black curve and the diagonal, is shown for each plot (gray). The GAAM (EAM) plots for GALAII Mexicans are shown in the first (second) row, and the GAAM (EAM) plots for GALAII Puerto Ricans are shown in the third (fourth) row. Couples are grouped by their current location.
20-
50% of the variations in the genomic ancestry of their partners, after adjusting for socioeconomic covariates, and was highly statistically significant (P < 10
−5
). Therefore, the genomic ancestry of individuals is a stronger predictor of their partners' genomic ancestry than are socioeconomic and demographic covariates.
Positive Correlations in Facial Development Genes. Because the standard socioeconomic measurables alone did not explain the similarities in the genomic ancestries of partners, we investigated potential biological factors associated with assortative mating. We took a candidate gene-set approach focused on genes involved in facial development. Psychology studies have reported that people find faces that are more similar to their own more attractive (25) . In the GALAI dataset, we computed the correlation between partners at each SNP in a set of 49 genes previously curated to be related to human facial development (26) . We pooled all 49 genes into one analysis to gain statistical power. To adjust for ancestry, we normalized the SNP's allele frequency by its expected frequency given its local ancestry state. We found that Puerto Rican partners in the GALAI dataset were significantly more likely to have similar genotypes in these facial development genes than expected based on correlations in the rest of the genome (P = 0.004, permutation test). In Mexican couples, the enrichment was not significant. We performed the same analysis on two other gene sets-86 genes linked to genome-wide association study (GWAS) height loci and 8 genes linked to pigmentation (27)-and did not find a significant deviation from genome-wide correlations in either population. This lack of deviation may be due to the relatively small effects of these loci and our limited understanding of the relevant genes (28) .
We validated the similarities in facial development genes between Puerto Rican partners using the Puerto Rican individuals from the GALAII dataset. Because only the offspring, and not the couple, were genotyped in the GALAII study, we assessed the couples' similarity in facial development genes by measuring the homozygosity in the genotype of the offspring at these loci. The magnitude of homozygosity was quantified by deviations from the Hardy-Weinberg equilibrium. The SNPs in the facial development gene set showed significantly higher homozygosity compared with the rest of the genome (P = 0.02, permutation test). Together, these results suggest that similarities in facial features could be a factor in mate selection in Puerto Ricans.
Excessive Heterozygosity in MHC. Previous studies of EuropeanAmerican couples found that partners were significantly more dissimilar in the MHC region compared with random male-female pairs, although it is still unclear to what extent this phenomenon applies in other populations (8) . This finding had appealing evolutionary implications, because offspring with more diverse MHC loci can have increased immune recognition and better fitness (29) . Consistent with this finding, we found that both Mexicans and Puerto Ricans from the GALAII dataset showed excessive heterozygosity relative to the rest of the genome in the genotypes at the MHC region (P = 0.005 in Mexicans and P = 0.003 in Puerto Ricans, as tested via deviation from Hardy-Weinberg). We also tested for deviations from Hardy-Weinberg in the local ancestry of the MHC region. In Puerto Ricans, but not Mexicans, local ancestry at the MHC region was more heterozygous than expected (P = 0.01, permutation test).
Genetic Relatedness of Couples. Our finding that partners had similar genomic ancestries suggested that they could also be more recently related. We investigated this hypothesis in couples from the GALAI study, where we had the genotypes of both individuals. To quantify the relatedness of two individuals, we used the standard metric of identical by descent (IBD), which we computed using PIGS (30) (SI Appendix). Two haplotypes are IBD if they are inherited copies from a common ancestor. As a control set, we generated random male-female pairings for each ethnic group at each collection site. Random pairings were generated to reflect the observed global ancestry correlations seen in the actual couples (SI Appendix). In both Mexicans and Puerto Ricans, we found that partners were more closely related than random male-female pairs from the same collection site (P < 0.01, permutation test) ( Table 1 ). The average IBD sharing between Mexican couples was 0.36% of the genome in San Francisco and 0.35% in Mexico City, compared with 0.19% and 0.26% in ancestry-matched random male-female pairs. The average IBD sharing between Puerto Rican couples was 0.70% of the genome in New York City and 0.91% in San Juan, compared with 0.42% and 0.54% in ancestry-matched random male-female pairs. The higher IBD sharing in Puerto Rican couples compared with Mexican couples may be due to the relatively small island population of Puerto Rico. To place these findings into context, the expected IBD sharing is 0.78% of the genome between third cousins and 0.19% of the genome between fourth cousins. Thus, the IBD sharing of Mexicans and Puerto Ricans fell between that of third and fourth cousins. In addition, both Mexican and Puerto Rican couples shared significantly more IBD blocks as well as longer IBD blocks compared with ancestry-matched random couples (P < 0.01, permutation test). This result is also consistent with partners sharing more recent relations than random couples.
Correlations Between Genetic Relatedness and Average Education
Level. We next asked whether the genetic relatedness of couples correlated with socioeconomic factors such as education. We analyzed the genetic relatedness of partners in the GALAII dataset, which included socioeconomic information about the couples but not their genotypes. Because we did not have the partners' genotypes to perform direct IBD analysis, we measured runs of homozygosity (ROHs) in the genomes of the offspring as a proxy. Long ROHs in offspring reflect recent relatedness of the parents (31) (SI Appendix). We asked whether more recent relatedness between partners (measured by the total length of long ROHs in the offspring) correlated with the average education levels of the partners. We included the European, Native American, and African genomic ancestries of the offspring as additional covariates in the analysis to correct for differences in the ROH length due to different ancestries. Among Puerto Ricans in San Juan and Mexicans in Chicago, Houston, and New York City, we found a significant (P < 0.05) negative correlation between the partners' average education and Identical-by-descent sharing in Mexican and Puerto Rican couples. IBD sharing was computed for GALAI couples, and IBD sharing for ancestry-matched random pairs was also computed as a benchmark. In each location, the differences in IBD sharing, number of blocks, and length of blocks between the actual couples and matched random pairs were significant (P < 0.01, permutation test).
their recent relatedness. The results in the other locations were not statistically significant, but a majority exhibited negative correlations as well. We reran the analysis for Mexican partners who were born in the same state and found a similar negative correlation in Jalisco, Mexico (P < 0.05). The results in the other four states that we tested were not statistically significant, but three of the four also exhibited a negative correlation. In contrast, ancient haplotype sharing, as measured by short ROHs (31), was not significantly correlated with education in either direction in any of the locations. These findings suggest that partners with higher average education levels tend to be genetically more dissimilar.
Disease Implications. The ancestry-based assortment that we have characterized in Mexicans and Puerto Ricans can have a significant impact on the population dynamics and propagation of disease burdens. We analyzed a simple mathematical model to illustrate this effect. In our model there are two founder populations, A and B, that admix, with α proportion of the individuals coming from A. Suppose we have a recessive risk allele present at frequency f in A and frequency 0 in B; that is, this risk allele is specific to ancestry A. After one generation of random mating, the fraction of the total admixed population at risk for the disease is the homozygosity of this risk allele, α 2 f 2 . With assortative mating, when the correlation between the genomic ancestries of the partners is ρ, the homozygosity of the risk allele after t generations of admixture is
(see SI Appendix for a detailed derivation). The second term captures the inflation of the disease risk due to assortative mating. When the correlation between the ancestries of the partners is high, ρ is large and the homozygosity of the risk allele is substantially larger than under random mating. As an example, suppose that ρ is between 0.4 and 0.7, which was the range of ancestry correlation that we quantified in Mexican and Puerto Rican couples. Assuming that the founder populations have similar sizes, this range of assortative mating corresponds to a 2-14% increase in the prevalence of the recessive disease after 10 generations of admixture. Although this is a simplified model, it illustrates that in a population with strong assortative mating, recessive diseases associated with specific ancestry can have increased prevalence. This analysis can provide insights into the elevated prevalence for asthma and Hermansky-Pudlak syndrome, a recessive lung disease, in Puerto Ricans (32).
Discussion
We have presented a rich analysis of assortative mating in Latino populations that integrates population genomics with socioeconomic attributes including education, location, and income. We found that partners are likely to have similar genomic ancestries. Strikingly, the assortment by genomic ancestry was stronger than even the assortment of education level and appeared to be a widespread phenomenon in all of the regions we investigated. We showed that the similarities in partners' ancestries cannot be explained by the standard socioeconomic measurables alone. By quantifying the genotype correlations between partners, we found that Puerto Rican couples were especially similar in genes involved in facial development.
There are multiple models consistent with this finding on facial structure genes. Socioeconomic factors could contribute to this genotypic correlation in a variety of ways. For example, individuals may use certain facial features as markers of social status and cultural background, which factor into their preference for partners. In communities where there is substantial preference for partners of similar status or background, this can be reflected in enriched correlations at facial feature genes. Another model that is consistent with our finding is the narcissism hypothesis, which shows that people find faces that are more similar to their own to be more attractive (25) . This preference can also manifest in partners having correlated face genotypes. It is important to note that these two models are not mutually exclusive. That individuals find self-resembling features to be attractive, either consciously or subconsciously, could be due to cultural and socioeconomic as well as evolutionary factors.
We quantified the magnitude of the genomic ancestry assortment in terms of the GAAM scores. Across Mexican and Puerto Rican populations in multiple locations, the GAAM scores ranged from 0.1 to 0.19. A recent study measuring genetic assortment in non-Hispanic white couples in the United States reported an assortment score of 0.045, which is substantially smaller than the GAAM scores of our populations (11) . This difference could be due to the fact that the assortment score for the non-Hispanic whites was computed from genetic similarity rather than ancestry similarity, because all of the participants were of European ancestry (11) . To make a more direct comparison, we analyzed the genotypes of the GALAI Mexican and Puerto Rican couples and computed the genetic assortative mating (GAM) scores using the same methodology as was used for non-Hispanic white couples (11) . We found GAM scores of 0.103 and 0.063 in GALAI Mexican and Puerto Rican populations (SI Appendix, Fig. S10 ), which are significantly larger than the GAM score of 0.045 reported in non-Hispanic whites (11) (P < 10 −4 for Mexicans and P = 0.003 for Puerto Ricans, bootstrapping test).
Our analysis focused on genomic ancestry as a key variable because it is a meaningful statistic both for biology and social sciences. It also has the advantage of being accurately inferred from the genotype of the offspring, thus making it possible to perform our analysis on the GALAII couples where we only had the offspring's genome. We extended our analysis to also quantify the genetic relatedness of Mexican and Puerto Rican couples from the GALAI dataset, which contained the genotype of all three individuals in father-mother-offspring trios. Consistent with the genomic ancestry correlations, we showed that partners were more closely related than expected from random mating. The average relatedness between Mexican and Puerto Rican spouses was equivalent to that between third and fourth cousins. It would be important to better understand the social and demographic implications of this range of genetic relatedness in parents. In the Icelandic population, for example, fecundity is reported to be maximal when the relatedness between spouses is equivalent to fourth cousins (33) .
The high level of correlations in the genomic ancestry of partners has significant implications for the prevalence of diseases in Mexicans and Puerto Ricans. In particular, our mathematical model illustrates how recessive risk alleles have inflated homozygosity in populations with strong assortative mating. An important agenda in epidemiology has been to understand the inflated prevalence of asthma and lung diseases such as Hermansky-Pudlak syndrome in Puerto Ricans (17, 32) . Our analysis suggests that assortative mating can be a significant factor, and it should be incorporated into epidemiological models of these diseases. Our finding that individual gene sets (MHC and facial morphology genes) are correlated with assortative mating also has implications for disease mapping in these populations. Genes positively correlated with assortment will harbor excessively long haplotypes. Many widely used analysis strategies, such as IBD and homozygosity mapping, can be confounded by this effect, leading to false discoveries of disease-associated loci.
Like all such studies, our results are contingent on the ascertainment scheme. The participants in our dataset were recruited to be diverse in terms of genetics, environmental exposures, and socioeconomic status. We find it reassuring that the main finding-that the genomic ancestry assortment is comparable or stronger than education assortment-was reproduced in all six Mexican cohorts (from five cities) and in all three Puerto Rican cohorts (from two cities). An important area of future research would be to extend our analysis to other populations with different levels of genetic and ethnic diversity. Our datasets of Mexicans and Puerto Ricans occupy an interesting middle ground between ethnic homogeneity and genetic heterogeneity. Each dataset was ethnically homogeneous, because couples were composed of either two self-identified Mexicans or two selfidentified Puerto Ricans. On the other hand, within each location, there were substantial variations in the genomic ancestries of the individuals. The participants filled a wide spectrum of distributions of European, Native American, and African ancestries, and no individual was purely of one race. The heterogeneity of genomic ancestries was reflected in the diversity of physical features, which can influence mate selection. Moreover, this influence can be compounded by cultural attitudes, such as ones that associate European-looking features with higher social status (34) . It would be interesting to compare and contrast our findings with analysis of genomic assortment in African Americans, another population that is genetically diverse and has been reported to share similar cultural attitudes (35) .
In this paper, we have demonstrated how population genomics can be integrated with quantitative social sciences to address fundamental questions about mate selection. Our findings have important implications for the biology and sociology of mate selection; they also can be applied more broadly to inform models of human evolution. Random mating and Hardy-Weinberg equilibrium are fundamental assumptions in human population genetics and are the basis of popular tools to infer haplotypes (36, 37) , detect IBD (38, 39) , infer demographic patterns (40) , search for signals of selection (41) , and simulate coalescence (42) . Departure from random mating can lead to deviations in the final biological estimates. In this study, we characterized the highly nonrandom mating structure in Latinos and showed that genomic ancestry is a key determinant of the observed assortment. An important direction of future work will be to develop new models that better capture the realities of nonrandom mate selection by incorporating the assortment patterns characterized here into the tools and lingua franca of population genetics.
Materials and Methods

Datasets.
Genetics of Asthma in Latino Americans I. The GALAI dataset consisted of 231 Mexican trios (father-mother-offspring) from San Francisco and Mexico City and 258 Puerto Rican trios from New York City and San Juan, Puerto Rico. Each member of the trio was genotyped using the Affymetrix 6.0 GeneChip. Genotypes were quality-controlled as previously described (20) . This dataset did not contain any socioeconomic information about the individuals or the families.
Genes-Environments & Admixture in Latino Americans II. The GALAII dataset consisted of 1,246 unrelated Mexican individuals living in the United States and 1,511 unrelated Puerto Rican individuals living in the United States or Puerto Rico. For each participant in the study, all four grandparents self-identified as Puerto Rican or Mexican. For each participant, genotypes were measured on the Affymetrix Axiom LAT1 array (>800,000 SNPs) designed for Latino populations, with quality control as previously described (17, 18) . The GALAII dataset also included information about the socioeconomic status of the participants and their parents, as described in detail in SI Appendix. Institutional review board (IRB) approval for GALAI and GALAII was obtained from the University of California, San Francisco, IRB and each local recruitment site's own IRB department. Consent was obtained from participants at the time of visit before any procedures. Consent was given by the participant or by the participant's parent or legal guardian if the participant was under 18 y of age at recruitment.
Methods. All of the computational analyses and methods are explained in detail in SI Appendix. We used LAMP-LD (21) to infer the local ancestries from genotype, and ANCESTOR (24) to infer the global ancestries of the parents from an offspring's genotype. IBD mapping was done using PIGS (30) , and the runsof-homozygosity analysis was performed using PLINK (43) . All other statistical analyses, including computations of the GAAM and EAM scores, were performed using custom software written in Python.
